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In recent years the B-factories and other machines have found evidence for a large number of new states
with hidden charm: candidate hc(1P ), ηc(2S), and χc2(2P ) states; the well-established X(3872); enhancements
called X(3940), Y (3940), and Y (4260); and a new structure at 4350 MeV. Various conventional-charmonium and
more exotic interpretations of these data have been proposed. In this talk we review the current state of the
experimental evidence and the prospects for clarifying the spectrum.
1. INTRODUCTION
For many years it was possible to consider the
charmonia as a “well-understood” system: the
spectrum of low-lying states was well-established,
with one or two gaps, as were the major transi-
tions. However recently there has been a long list
of discoveries, or claims of evidence: the hc, ex-
citation(s) of the ηc, and an alphanumeric soup
of “X” and “Y” mesons (and briefly a “Z”), some
understandable as cc states, some where a conven-
tional assignment is elusive. This revival in spec-
troscopy is due in part to the large datasets ac-
cumulated at the B-factories, and (one assumes)
to the lack of strong new-physics-in-CP -violation
signals there, making analysis of hidden-charm
states respectable. But much of the interest
has been due to the data unsettling our under-
standing of this sector. At least two of the new
charmonium-like states are candidates for non-qq
mesons, and there are other features in the data
that are not yet understood. In the following we
will briefly survey the recent results, with some
emphasis on these suggestive cases.
2. THE X(3872)
The most extensively studied of the new states
is the so-called X(3872). Its existence is well-
established, and some properties have become
increasingly clear; its mass suggests a bound
molecule-like state of D0 and D∗0, but this in-
terpretation is by no means uncontested.
2.1. Discovery & charmonium exclusions
The X(3872) was found by Belle [1], with a
clear signal in decays B+ → K+X [→ pi+pi−J/ψ].
Confirmations followed in short order [2,3,4]. The
observations agree on a peak with natural width
below experimental resolution, and a dipion mass
spectrum concentrated at high values, favouring
X → ρψ and hence C-parity ξC = +1. Decays to
DD are not seen [5]. Together with the narrow-
ness of the state, this suggests such decays are
forbidden, disfavouring JPC = 0++, 1−−, 2++
etc. Thus a conventional-charmonium X would
likely have unnatural JP (the remaining assign-
ments 0+−, 1−+, . . . are exotic). The correspond-
ing J ≤ 2 candidates were surveyed for MESON
2004 [6]; ψ3(1
3D3) was also included, as decay to
DD would be suppressed by angular momentum
in this case. There are arguments against each as-
signment: e.g. Belle finds Γ(X → γχc1)/Γ(X →
pipiψ) < 0.89 at 90% confidence, while this ratio
is expected to be > 1.6 for the ψ2(1
3D2). This,
and some other tests, would bear repetition with
the larger event samples currently available.
2.2. Determination of quantum numbers
The even C-parity of the X was fixed by Belle’s
observation of the radiative transition to J/ψ [7],
with Γγψ/Γpi+pi−ψ = 0.14 ± 0.05, confirmed by
BaBar [8] with a larger rate. Belle also sees X →
ωJ/ψ, nominally sub-threshold, via the low-mass
tail of the ω, finding Bpi+pi−pi0ψ/Bpi+pi−ψ = 1.0 ±
0.4± 0.3 [7]; this likewise requires ξC = +1.
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Figure 1. CDF [10]: detail of the dipion mass
spectrum and fits to X(3872)→ ρψ models with
L = 0, 1. Inset: L = 1 fit probabilities vs ρ-ω
interference phase and radius of interaction RX .
Belle’s angular analysis [9] favours JPC = 1++
over most other quantum numbers; 2++ and 2−+
are not excluded. A beautiful analysis of the di-
pion mass spectrum by CDF [10] rules out 1P1
(h′c) and
3DJ (ψJ ) charmonium assignments;
3S1
states are allowed, but if we identify ψ(4040) ≡
ψ(3S), none are available. Only X → ρψ re-
mains, with fits to both L = 0 and 1 allowed by
the data (Fig. 1). This study tends to supersede a
Belle fit that found L = 1 (and hence, odd-parity)
solutions were disfavoured [9]. If CDF mimic
Belle’s fit by excluding Blatt-Weisskopf form fac-
tors and ρ-ω interference, they find similar re-
sults. Since the conference, CDF have submitted
their own angular analysis for publication [11]:
only 1++ and 2−+ are permitted.
Belle sees a peak at D0D0pi0 threshold in B →
D0D0pi0K [12], disfavouring 2++ if interpreted as
an X signal. The implied decay rate is an order
of magnitude larger than that to pi+pi−ψ. The
energy release is Q = 11.2MeV, corresponding to
M = (3875.9±0.7+0.3
−1.6±0.4)MeV (using CLEO’s
D0-mass [13]). This is well above theX mass [14].
Confirmation and further study are needed.
2.3. Searches for partner states
If the X is a D0D∗0 molecule, and produced
via B → KD0D∗0, the rate in B0 decays (B0)
should be suppressed with respect to the rate in
B+ decays (B+) by a ratio R ≡ B0/B+ < 0.1 [15].
In another model the X is one of a family of
diquark-antidiquark states [16], Xu = [cu][c¯u¯] or
Xd = [cd][c¯d¯], or a mixture; M(Xd) −M(Xu) ≈
(7± 2)MeV. Here Xu or Xd would dominate the
B+ → K+X peak, with its partner contributing
at the same rate (R = 1) in B0 decay. BaBar [17]
finds a 2.5σ B0 → K0SX signal, with R =
0.50± 0.30± 0.05 (R ∈ [0.13, 1.10] at 90% C.L.),
and ∆M = M+ −M0 = (2.7 ± 1.3 ± 0.2)MeV.
The mass difference is indecisive (it vanishes for
D0D∗0), but R weakly favours qqq¯q¯ over the
molecular model. Further D0D0pi0 and D0D0γ
study (as above) might be helpful here [15].
BaBar has also searched for a charged part-
ner appearing as a pi−pi0ψ mass peak in B →
Kpi−pi0ψ [18]. No signal is seen and the resulting
upper limits disfavour an isovector X(3872).
2.4. Interpreting the X(3872): a summary
The discovery mode X → pi+pi−ψ is promi-
nent, with branching fraction > 4.2% (at 90%
confidence) based on BaBar’s study of the inclu-
sive kaon momentum spectrum in B± decay [19].
The mass (3871.2 ± 0.5)MeV is now below the
D0D∗0 threshold of (3871.81± 0.36)MeV set by
CLEO’s post-conference measurement [13]. The
width is still unresolved, with no advance on the
limit ΓX < 2.3MeV (90% C.L.) from Ref. [1].
The isospin violation seen in the X(3872) de-
cay to both ρψ and ωψ is natural for a D0D∗0
molecule, as are the mass and the lack of charged
partners; no data conflict seriously with this hy-
pothesis. CDF [20] findsX production in pp to be
ψ(2S)-like, which tends to imply a compact com-
ponent, say cc; this might account for the tantalis-
ing B0-vs-B+ production results [17]. While calls
for “more data” from the B-factories (at 1 ab−1)
are tedious, more precise R and ∆M are needed.
Only JPC = 1++ or 2−+ are plausible, but the
corresponding charmonium assignments χ′c1 [21]
and ηc2 (1
1D2) [6] are not; γψ
′ and pi+pi−ηc re-
sults would be decisive for these cases. A more
serious loose end is pi0pi0ψ, although the X →
ρ[→ pi+pi−]ψ interpretation (excluding all char-
monia) is already favoured; better understanding
of X → ωψ (the underlying amplitude must be
large), and DD{γ, pi0} studies, are also desirable.
3Figure 2. CLEO [22] ψ(2S) → pi0hc, hc → γηc
analysis, with ηc reconstruction: (a) M(ηc) vs pi
0
recoil mass, (b) M(ηc) and (c) Mrecoil(pi
0) pro-
jections under cuts on the other variable, and (d)
signal for the normalisation mode ψ(2S)→ γηc.
3. hc(1
1P1): FINALLY OBSERVED
CLEO [22] has observed hc → γηc, confirming
weaker evidence from E835 [23] in the same mode.
Using 3.09 × 106 e+e− → ψ(2S) events, CLEO
reconstruct the isospin-violating decay ψ(2S) →
pi0hc. One analysis proceeds by ηc reconstruction,
and a kinematically constrained fit to the event;
the results are shown in Fig. 2. An inclusive anal-
ysis (without ηc reconstruction) is also performed,
with compatible results; the helicity angle distri-
bution of the photon is consistent with (1+cos2 θ)
[χ2/ndof = 1.7/2], as expected for hc → γηc.
The product branching fraction Bψ(2S)×Bhc =
(4.0 ± 0.8 ± 0.7) × 10−4 bisects a range of theo-
retical estimates covering two orders of magni-
tude; the mass M(hc) = (3524.4± 0.6± 0.4)MeV
yields a hyperfine splitting 〈M(3PJ)〉−M(
1P1) =
(+1.0± 0.6± 0.4)MeV, consistent with expecta-
tions (the spin-spin interaction vanishes at low-
est order). E835 quote M(hc) = (3525.8± 0.2 ±
0.2)MeV, somewhat higher and more precise, and
a limit Γ(hc) < 1MeV on the width.
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Figure 3. Belle [29]: Mrecoil(J/ψ) distributions
(upper) for e+e− → J/ψX , (lower) for events
tagged and constrained as (a) e+e− → J/ψDD
and (b) e+e− → J/ψDD∗.
4. ηc(2
1S0) AND THE X(3940) (3
1S0?)
Belle’s unexpected double charmonium produc-
tion results [24] have now been confirmed by
BaBar [25]: both groups see large e+e− → J/ψ ηc
and J/ψ η′c rates. The η
′
c is now well-established,
with observations in B → Kη′c [26] and γγ →
η′c [27,28]. The average [14] width Γ = (14 ±
7)MeV, and mass M = (3638± 4)MeV; the hy-
perfine splitting Mψ(2S) − Mηc(2S) ∼ 48MeV is
somewhat smaller than theoretical estimates [21].
Belle [29] also finds a significant peak
above open-charm threshold, the “X(3940)” (see
Fig. 3). DD(∗) decays are studied by reconstruct-
ing a D-meson, and constraining Mrecoil(J/ψD)
to the D(∗) mass; a clear X → DD∗ peak is
seen in Mrecoil(J/ψ), but none for DD. Belle
finds MX = (3943 ± 6 ± 6)MeV and ΓX =
4(15.4±10.1)MeV (< 52MeV at 90% C.L.). DD∗
dominates among final states with more than two
tracks: B>2(X → DD
∗) > 45% at 90% C.L.;
B(X → DD) < 41%. Belle speculates X(3940) ≡
ηc(3S), implying a large hyperfine splitting [21].
Angular analysis [30], or γγ → X → DD∗ [31],
could confirm this assignment. A χc0(2P ) con-
tribution to the J/ψX peak is not excluded, but
χc0(2P ) 6→ DD
∗; X = χc1(2P ) seems unlikely,
as no J/ψ χc1(1P ) signal is seen.
5. THE “Y (3940)” AT ω J/ψ THRESHOLD
Belle [32] also see an ωJ/ψ peak at similar
mass, i.e. just above threshold, in B → KωJ/ψ.
Fitting with a single S-wave Breit-Wigner, they
find a significant peak above phase space, with
M = (3943 ± 11 ± 13)MeV and Γ = (87 ± 22 ±
26)MeV, denoted Y (3940). The product branch-
ing fraction B(B → KY ) × B(Y → ωJ/ψ) =
(7.1±1.3±3.1)×10−5 implies large B(Y → ωJ/ψ)
if Y is a charmonium, but such a state would
presumably decay to DD(∗), with only small
ωψ branching. For comparison, from Ref. [5],
B(B+ → K+Y ) × B(Y → DD) < O(5 × 10−5).
The X(3940) decays to DD∗, but B(X(3940)→
ωJ/ψ) < 26% at 90% C.L. [29]. If the Y (3940)
were the χc1(2P ), the large ωψ branching might
be explained by rescattering from DD∗ [31,30];
there is no evidence yet that the X(3940) is the
same state. The observed Y (3940) decay would
be consistent with expectations for a ccg hy-
brid [32], but the mass would not.
6. THE Z(3930) IN γγ → DD: χc2(2
3P2)?
Belle’s third structure in this mass region, the
Z(3930) [33], is easier to interpret: it has already
been acclaimed as the χc2(2P ) by the PDG [14]
without confirmation. The Z is a significant peak
in γγ → DD, fitted by a relativistic Breit-Wigner
with M = (3929 ± 5 ± 2)MeV and Γ = (29 ±
10 ± 2)MeV. The ratio B(Z → D+D−)/B(Z →
D0D0) = 0.74± 0.43± 0.16 is consistent with the
value 0.89 expected from isospin and the D+-D0
mass difference. Fitting the angular distribution
of the D-mesons relative to the e+e− beam axis,
spin and helicity (J,M) = (2, ±2) are strongly
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Figure 4. BaBar [34]: pi+pi−J/ψ invariant mass
spectrum in initial state radiation events, with
J/ψ mass sidebands shaded, and the single-
resonance (Y (4260)) fit shown. A wider mass
range is shown inset.
favoured over J = 0, with χ2 = 1.9 vs 23.4, for
ndof = 9. Assuming spin-2, Γγγ×BDD = (0.18±
0.05±0.03) keV. These results are consistent with
expectations for the χc2(2P ), although the mass
and Γγγ × BDD are on the low side [21,31,30]; a
measurement of γγ → Z → DD∗ would be useful
confirmation.
7. Y (4260): A HYBRID CANDIDATE
BaBar’s observation [34] of the Y (4260) gener-
ated great interest, because its mass and proper-
ties suggest an exotic structure: a hybrid meson
with valence partons ccg. In initial state radia-
tion (ISR) events e+e− → γISRpi
+pi−J/ψ, BaBar
see a prominent structure in the pi+pi−J/ψ invari-
ant mass spectrum around 4260 MeV (Fig. 4). A
state appearing in ISR must have JPC = 1−−,
but a new vector charmonium at this mass is im-
plausible: candidates for the expected states are
already known, and decays should be dominated
by D(∗)D(∗); the branching fraction to pi+pi−ψ
should be small. For a hybrid, however, decays
to a pair of S-wave mesons D(∗) are highly sup-
pressed [35], while decay to pi+pi−ψ is plausible,
as are a mass ∼ 4260MeV and JPC = 1−− [36].
BaBar fits using a relativistic Breit-Wigner,
5Figure 5. CLEO [43]: missing momentum distri-
butions in e+e− → Y (4260) data. Curves show
Monte Carlo expectation, scaled to the signal.
finding M = (4259 ± 8+2
−6)MeV and Γ = (88 ±
23+6
−4)MeV, and 125 ± 23 events; they cannot
rule out contributions by more than one state.
Recoil mass and other distributions are consis-
tent with ISR production. Γe+e− × Bpi+pi−ψ =
(5.5±1.0+0.8
−0.7) eV, implying a dielectron width too
narrow for cc, if the pi+pi−ψ branching is large.
CLEO [37] has confirmed the pi+pi−ψ signal us-
ing 13.2 pb−1 of e+e− data at 4260 MeV; the sam-
ple is very clean (Fig. 5). Evidence is also seen for
two new modes, with cross-sections of (23+12
−8 ±
1) pb for pi0pi0ψ and (9+9
−5 ± 1) pb for K
+K−ψ,
cf. (58+12
−10 ± 4) pb for pi
+pi−ψ, consistent with
BaBar. They note that these modes disfavour
some other (non-hybrid) exotic proposals [38,39];
limits on decays of other vector charmonia to
pi+pi−ψ confirm that a conventional assignment
is disfavoured (cf. Ref. [40]). O(10 – 100 pb)
limits are set on cross-sections for e+e− →
{pi0, η, η′, pi+pi−pi0, ηη} J/ψ, {pi+pi−, η}ψ(2S),
ωχc0, γχc1,c2, pi
+pi−pi0χc1,c2 and pi
+pi−φ. BaBar
has also presented limits on such modes [41].
Belle [42] confirmed the ISR signal at summer
conferences, finding a 165 ± 24+7
−23 event Breit-
Wigner peak with M = (4295± 10+10
−3 )MeV and
Γ = (133±26+13
−6 )MeV; the recoil-mass and angu-
lar distributions are ISR-like. (Since Beauty2006,
CLEO [43] has also published supporting results
in ISR. The peak mass (4284+17
−16 ± 4)MeV lies
between the conflicting B-factory values.)
A lower limit B(Y → pi+pi−ψ) > 0.6% has been
set [44] based on the BES hadronic cross-section.
Studies of exclusive DD [45] and D(∗)+D∗− [46]
spectra in ISR at the B-factories likewise find no
Y signal; this region is a local minimum in a com-
plicated distribution. A search is now needed for
Y → DD1(2420), which (for a hybrid) should
dominate if allowed [36]; with thresholds at 4287
and 4296 MeV, this question is tied to that of the
mass (and shape) of the peak. Related hybrid
states, with other JPC , might also be sought.
BaBar showed [47] a peak in ISR pi+pi−ψ(2S)
data at the summer, said to be inconsistent with
the Y (4260), ψ(4415), or phase space; they fit
M = (4354± 16)MeV and Γ = (106 ± 19)MeV.
The influence on Y (4260) results of coupling to
channels near threshold has already been dis-
cussed in models with (e.g. [36]) and without
a new state (e.g. [48]). In the next generation
of studies, more sophisticated fits in a range of
modes will presumably clarify whether we are
dealing with 0, 1, 2, or more new states.
8. SUMMARY
Becoming increasingly speculative as we
progress: the hc has been seen, and the ηc(2S)
established; the Z(3930) is probably the χc2(2P ),
and the X(3940) may be the ηc(3S). What-
ever the X(3872) is, it looks like it has lots of
DD∗ in its wavefunction. It’s not clear what the
“Y (3940)” is: confirmation of the structure would
be helpful. The Y (4260) so far looks like a ccg
hybrid. More data are needed for the last three
items, and seem likely to be forthcoming. Finally,
something may be going on at 4350MeV, but if
so, it is unlikely to be the last new development
in the hidden-charm sector.
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